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Abstract In the present study, the concept of the output frequency response function is applied to
theoretically investigate the force transmissibility of multi-degree of freedom (MDOF) structures with
a nonlinear anti-symmetric viscous damping. The results reveal that an anti-symmetric nonlinear
viscous damping can signiﬁcantly reduce the transmissibility over all resonance regions for MDOF
structures while it has almost no eﬀect on the transmissibility over non-resonant and isolation regions.
The results indicate that the vibration isolators with an anti-symmetric damping characteristic have
great potential to overcome the dilemma in the design of linear viscously damped vibration isolators
where an increase of the damping level reduces the force transmissibility over resonant region but
increases the transmissibility over non-resonant regions. c© 2011 The Chinese Society of Theoretical
and Applied Mechanics. [doi:10.1063/2.1106304]
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Vibration isolation is considered to be an eﬀective
method to reduce the vibration energy transmission so
as to protect equipment or structures from vibration
disturbances.1 Transmissibility is a concept used to de-
scribe the eﬀectiveness of a vibration isolation system.
Force transmissibility is deﬁned in the frequency domain
as the ratio of the force output of a vibration isolation
system to the force input at an operating frequency of
concern. Under a linearity assumption, the performance
characteristics of vibration isolators have been widely
reported.1 The transmissibility in such cases can be ex-
plicitly expressed as a simple function of various factors
that can be used for the design. A comprehensive re-
view can be found in Ref. 2. In spite of these signiﬁcant
achievements in the design of vibration isolation sys-
tems, there is a well-known dilemma3 associated with
the design of viscously damped linear vibratrion isola-
tors, that is, when the damping level is increased to
reduce the transmissibility over the resonant frequency
regions, the transmissibility is increased over the other
regions of frequencies where a desired vibration isolation
is often required.
Recently, nonlinear vibration isolators have received
more and more attention from researchers because all
practical systems are inherently nonlinear, and taking
the eﬀects of nonlinearity into account in designs can
achieve better performance. A very comprehensive sur-
vey about recent developments of nonlinear vibration
isolators is contributed by Ibrahim,4 which it was re-
vealed that the introduction of nonlinear damping and
stiﬀness are really of great beneﬁt in vibration isola-
tion. Generally speaking, the design of nonlinear vi-
bration isolation systems is a complicated and diﬃcult
a)Corresponding author. Email: pengzhike@tsinghua.org.cn.
challenge. This is mainly due to the diﬃculties with
the analysis of nonlinear systems, since a closed-form
analytic solution to nonlinear diﬀerential equations is
possible only for some special classes of nonlinear dif-
ferential equations.5 As a result, researchers often have
to simplify the analysis by resorting to single degree of
freedom (SDOF) or low dimensional nonlinear models.
However, even with simpliﬁed models, the analysis is
still not an easy task. For the study of nonlinear vi-
bration isolation systems, for example, an immediate
diﬃculty is that it is hard to derive an explicit analyti-
cal description for the relationship between the system
nonlinear characteristic parameters and the force trans-
missibility.
Most recently, by applying the concept of the output
frequency response functions (OFRFs),6,7 the authors8
have revealed that, for SDOF vibration isolators, a cu-
bic nonlinear viscous damping characteristic can pro-
duce an ideal vibration isolation such that only trans-
missibility over the resonant frequency region is modi-
ﬁed by the nonlinear damping eﬀect but the transmis-
sibility over non-resonant frequency regions remain al-
most unaﬀected. Therefore, by introducing a cubic non-
linear viscous damping to SDOF vibration isolators, the
dilemma associated with the design of linear viscously
damped vibration isolators can be overcome. In this pa-
per, we present the eﬀorts of extending the analysis re-
sult to general multi-degree of freedom (MDOF) struc-
tures with an anti-symmetric nonlinear viscous damping
device. This not only extends the signiﬁcant theoreti-
cal conclusion reached in Ref. 8 to a much more general
case, but also provides an important foundation for the
development of novel passive solutions to more compli-
cated vibration isolation problems.
Consider MDOF structures with an anti-symmetric
nonlinear viscous damping characteristic located be-
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Fig. 1. The MDOF structure with an anti-symmetric non-
linear damping characteristic.
tween the (Q−1)th and Qth masses as shown in Fig. 1,
where
f(t) = A sin(Ωt). (1)
is the harmonic force acting on the Jth mass with fre-
quency Ω and magnitude A, fout(t) is the force trans-
mitted to the supporting base, and xi(t) is the displace-
ment of mass i (i = 1, 2, . . . , n). The restoring damp-
ing force of the nonlinear damper located between the
(Q− 1)th and Qth masses is described by
FNon =
P∑
i=1
r(2i+1)(x˙Q−1 − x˙Q)2i+1, (2)
where r(2i+1) (i = 1, 2, . . . , P ) are the parameters of
the anti-symmetric nonlinear viscous damping charac-
teristic. The motion governing equations of the MDOF
structure can be written in the following matrix form
Mx¨+Cx˙+Kx+ FN = F (t), (3)
where M , C, K are the system mass, damp-
ing and stiﬀness matrix, respectively, and x =
(x1, x2, · · · , xn)′ , F (t) = (
J−1︷ ︸︸ ︷
0, ..., 0, f(t), 0, ..., 0)′, and
FN =
(
Q−2︷ ︸︸ ︷
0, · · · , 0, FNon, −FNon,
n−Q︷ ︸︸ ︷
0, · · · , 0
)′
Damping matrix C is assumed to be proportional to
stiﬀness matrix K, e.g., C = μK. The force transmit-
ted to the supporting base fout(t) can be evaluated as
follows
fout(t) = k1x1 + c1x˙1. (4)
Denote y = (y1, y2, · · · , yn)′ and x = Φy where
Φ =
⎛
⎜⎜⎜⎝
Φ11 Φ12 · · · Φ1n
Φ21 Φ22 · · · Φ2n
...
...
. . .
...
Φn1 Φn2 · · · Φnn
⎞
⎟⎟⎟⎠ (5)
is the mode shape matrix9 which is generated by solving
the following eigenvalue problem(
K − ω¯2M)Φ = 0, (6)
where ω¯ denotes the eigenvalue of the system. Multi-
plying Eq. (3) by ΦT and then replacing x with Φy
yields
ΦTMΦy¨ +ΦTCΦy˙ +ΦTKΦy +
ΦTFN = Φ
TF (t). (7)
Moreover, it is known that ΦTMΦ and ΦTKΦ can be
expressed in a more succinct form
M = ΦTMΦ =
⎛
⎜⎜⎜⎝
m¯1 0 · · · 0
0 m¯2 · · · 0
...
...
. . .
...
0 0 · · · m¯n
⎞
⎟⎟⎟⎠ ,
K = ΦTKΦ =
⎛
⎜⎜⎜⎝
k¯1 0 · · · 0
0 k¯2 · · · 0
...
...
. . .
...
0 0 · · · k¯n
⎞
⎟⎟⎟⎠ .
Matrix M is referred to as the modal mass matrix, and
K the modal stiﬀness matrix. Therefore, Eq. (3) can
be decomposed into a series of equations as follows
y¨i + μ¯iω¯iy˙ + ω¯
2
i yi +
(
Φ¯(Q−1)i − Φ¯Qi
) P∑
i=1
r(2i+1)v˙
2i+1 =
Φ¯JiA sin(ωt),
xi = (Φi1, Φi2 · · · , Φin) y,
v = xQ−1 − xQ,
fout = c1x˙1 + k1x1,
(i = 1, 2, . . . , n), (8)
where μ¯i = μ
√
k¯i/m¯i, ω¯
2
i = k¯i/m¯i, Φ¯1i = Φ1i/m¯i, and
Φ¯Ji = ΦJi/m¯i.
Based on the Volterra series theory of nonlinear sys-
tems, the relationships between the output xi(t) or its
alternative representation yi(t) (i = 1, 2, · · · , n) and the
input force f(t) of Eq. (3) or (8) can be expressed by us-
ing generalised frequency response function (GFRF),10
which can be recursively determined by using the algo-
rithm in Billings and Peyton Jones11 as follows
H(1)yi (ω1) =
−Φ¯Ji
Lyi(ω1)
,
H(1)xi (ω1) =
n∑
d=1
−Φ¯JdΦid
Lyd(ω1)
,
H(1)v (ω1) = H
(1)
x(Q−1)(ω1)−H(1)xQ (ω1)
=
n∑
d=1
−Φ¯Jd(Φ(Q−1)d − ΦQd)
Lyd(ω1)
,
H
(1)
fout
(ω1) = (jc1ω1 + k1)H
(1)
xi (ω1)
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= (jc1ω1 + k1)
n∑
d=1
−Φ¯JdΦ1d
Lyd(ω1)
, (9)
and
H(2L−1)yi (ω1, ω2, ..., ω(2L−1)) =
Φ¯(Q−1)i − Φ¯Qi
Lyi(ω1 + ω2 + · · ·+ ω(2L−1))
·
Λ(2L−1)v (ω1, ω2, ..., ω(2L−1)),
H(2L)yi (ω1, ω2, ..., ω2L) = 0,
H(2L−1)xi (ω1, ω2, ..., ω(2L−1)) =
xi(ω1 + ω2 + · · ·+ ω(2L−1)) ·
Λ(2L−1)v (ω1, ω2, ..., ω(2L−1)),
H(2L)xi (ω1, ω2, ..., ω2L) = 0,
H(2L−1)v (ω1, ω2, ..., ω(2L−1)) =
v(ω1 + ω2 + · · ·+ ω(2L−1)) ·
Λ(2L−1)v (ω1, ω2, ..., ω(2L−1)),
H(2L)v (ω1, ω2, ..., ω2L) = 0,
H
(2L−1)
fout
(ω1, ω2, ..., ω(2L−1)) =
fout(ω1 + ω2 + · · ·+ ω(2L−1)) ·
Λ(2L−1)v (ω1, ω2, ..., ω(2L−1)),
H
(2L)
fout
(ω1, ω2, ..., ω2L) = 0,
(i = 1, 2, · · · , n) and (L = 2, 3, · · · , N/2), (10)
where
Lyi(ω1 + ω2 + · · ·+ ωp) =
−[−(ω1 + ω2 + · · ·+ ωp)2 +
jμ¯iω¯i(ω1 + ω2 + · · ·+ ωp) + ω¯2i ], (11)
xi(ω1 + ω2 + · · ·+ ωp) =
n∑
d=1
Φid
(
Φ¯(Q−1)d − Φ¯Qd
)
Lyd(ω1 + ω2 + · · ·+ ωp)
, (12)
v(ω1 + ω2 + · · ·+ ωp) =
n∑
i=1
(
Φ¯(Q−1)i − Φ¯Qi
)2
Lyi(ω1 + ω2 + · · ·+ ωp)
, (13)
fout(ω1 + ω2 + · · ·+ ωp) =
[jc1(ω1 + ω2 + · · ·+ ωp) + k1] ·
x1(ω1 + ω2 + · · ·+ ωp), (14)
and
Λ(2L−1)v (ω1, ω2, ..., ω(2L−1)) =
P∑
i=1
r(2i+1)H
(2L−1,2i+1)
v (ω1, ω2, ..., ω(2L−1)), (15)
with
H(L,p)v (.) =
L−p+1∑
i=1
H(i)v (ω1, ω2, · · · , ωi)H(L−i,p−1)v ·
(ωi+1, ωi+2 + · · · , ωL) (jω1 + jω2 + · · ·+ jωi) ,
(16)
and
H(L,1)v (ω1, ω2, · · · , ωL) = H(L)v (ω1, ω2, · · · , ωL) ·
(jω1 + jω2 + · · ·+ jωL) . (17)
Moreover, from the results recently revealed by the
authors in Refs. 6, 7, the (2L− 1)th order GFRFs (L =
2, 3, · · · , N/2) of Eq. (3) or (8) associated with v, yi (i =
1, 2, . . . , n) and fout, respectively, can be determined
as follows
H(2L−1)v (ω1, ω2, · · · , ω(2L−1)) =
2L−1∏
i=1
[
jωiH
(1)
v (jωi)
]
−1v (ω1 + ω2 + · · ·+ ω(2L−1))
·
∑
(j3j4···j(2P+1))∈J(2L−1)
rj33 · · · r
j(2P+1)
(2P+1) ·
Θ
(j3j4···j(2P+1))
(2L−1)
(
ω1, ω2, · · · , ω(2L−1)
)
, (18)
H(2L−1)yi (ω1, ω2, ..., ω(2L−1)) =(
Φ¯(Q−1)i − Φ¯Qi
) 2L−1∏
d=1
[
jωdH
(1)
v (ωd)
]
Lyi(ω1 + ω2 + · · ·+ ω(2L−1))
·
∑
(j3j4··· ,j(2P+1))∈J(2L−1)
rj33 · · · r
j(2P+1)
(2P+1) ·
Θ
(j3j4···j(2P+1))
(2L−1)
(
ω1, ω2, · · · , ω(2L−1)
)
, (19)
H
(2L−1)
fout
(ω1, ω2, ..., ω(2L−1)) =
fout(ω1 + ω2 + · · ·+ ω(2L−1)) ·
2L−1∏
d=1
[
jωdH
(1)
v (ωd)
]
·
∑
(j3j4···j(2P+1))∈J(2L−1)
rj33 r
j4
4 · · · r
j(2P+1)
(2P+1) ·
Θ
(j3j4···j(2P+1))
(2L−1)
(
ω1, ω2, · · · , ω(2L−1)
)
, (20)
where J(2L−1) is a set of P dimensional nonnega-
tive integer vectors which contains the exponents of
those monomials rj33 , r
j4
4 · · · r
j(2P+1)
(2P+1) which are present
in the polynomial representations (18)-(20). The
Θ
(j3j4···j(2P+1))
(2L−1)
(
ω1, ω2, · · · , ω(2L−1)
)
is a function of fre-
quency variables ω1, ω2, · · · , ω(2L−1) and the system’s
linear characteristic parameters. The J(2L−1) and
Θ
(j3j4···j(2P+1))
(2L−1)
(
ω1, ω2, · · · , ω(2L−1)
)
in Eqs. (18)-(20)
can be determined by applying the recursive algorithm
given in Ref. 7, which was proposed by the authors. For
example, applying the algorithm for n = 1, 2, 3 respec-
tively yields
J3 = {(1, 0)} , J5 = {(2, 0) , (0, 1)} ,
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J7 = {(3, 0) , (1, 1)} .
and
Θ
(1,0)
3 (jω1, jω2, · · · , jω3) = 1,
Θ
(2,0)
5 (jω1, jω2, · · · , jω5) = B3,
Θ
(0,1)
5 (jω1, jω2, · · · , jω5) = 1,
Θ
(3,0)
7 (jω1, jω2, · · · , jω7) = B3B3 +B5B3,
Θ
(1,1)
7 (jω1, jω2, · · · , jω7) = B5 +B3,
where
BD =
⎧⎨
⎩
1, if D = 1
jωl(1) + jωl(2) + · · ·+ jωl(D)
−1v (ωl(1) + ωl(2) + · · ·+ ωl(D))
, if D ≥ 2 ,
ω
l(i), (i = 1, 2, · · · , D) ∈
{
ω1, ω2, · · · , ω(2L−1)
}
.(21)
Therefore, if P = 2, the GFRFs associated with fout of
Eq. (3) or (8) can, for example, be determined as
H
(3)
fout
(ω1, ω2, ..., ω3) = r3
(3)
fout
(ω1, ω2, ..., ω3),
H
(5)
fout
(ω1, ω2, ..., ω5) =(
r23B3 + r5
)

(5)
fout
(ω1, ω2, ..., ω5),
H
(7)
fout
(ω1, ω2, ..., ω7) =
[
r33 (B3B3 +B5B3) +
r3r5(B5 +B3)
]

(7)
fout
(ω1, ω2, ..., ω7), (22)
where

(2L−1)
fout
(ω1, ω2, ..., ω(2L−1)) =
fout(ω1 + ω2 + · · ·+ ω(2L−1)) ·
n∑
d=1
Φ1d
(
Φ¯(Q−1)d − Φ¯Qd
)
Lyd(ω1 + ω2 + · · ·+ ω(2L−1))
·
2L−1∏
d=1
[
jωdH
(1)
v (ωd)
]
. (23)
Similarly, Θ
(j3j4···j(2P+1))
(2L−1)
(
ω1, ω2, · · · , ω(2L−1)
)
in
Eqs. (18)-(20) can be uniformly expressed as
Θ
(j3j4···j(2Q+1))
(2L−1)
(
jω1, jω2, · · · , jω(2L−1)
)
=
n¯∑
D=1
D∏
i=1
Bl(2D+1) =
n¯∑
D=1
D∏
i=1
jωl(1) + jωl(2) + · · ·+ jωl(2D+1)[
−1v (ωl(1)) + ωl(2D+1)
] , (24)
where n¯ is an integer dependent on (2L−1).
For SDOF vibration isolators, the concept of force
transmissibility has been well deﬁned and extensively
investigated by researchers. However, the concept of
force transmissibility for MDOF structures has not been
well established yet. Several deﬁnitions have been
proposed by diﬀerent researchers.12,13 Based on the
transmissibility deﬁnition proposed by Hsueh,12 in the
present study, the force transmissibility of Eq. (3) or (8)
is deﬁned as
TR(Ω) =
∣∣∣∣Fout(ω)A
∣∣∣∣
ω=Ω
, (25)
where Fout(ω) is the spectrum of fout(t) given in Eq. (4).
This deﬁnition of the force transmissibility can be justi-
ﬁed by the fact that the fundamental harmonic compo-
nent is usually the dominant component in the output
response of Eq. (3) or (8). Obviously, when A = 1,
TR(Ω) = |Fout(Ω)| . (26)
The transmissibility can be studied by looking at
the fundamental harmonic component of fout(t) — the
sinusoidal force transmitted to the supporting base.
The OFRF is a concept recently proposed by the au-
thors in Refs. 13 and 14 for the study of the output fre-
quency response of nonlinear Volterra systems. For non-
linear Volterra systems that can equally be described by
a polynomial type nonlinear diﬀerential equation model,
which has been widely used for the modeling of practi-
cal physical systems, the system output spectrum can
be represented by an explicit polynomial function of the
model parameters which deﬁne the system nonlinearity.
This result is referred to as the OFRF, which provides a
signiﬁcant analytical link between the output frequency
response and nonlinear characteristic parameters for a
wide range of practical nonlinear systems.
According to Refs. 13, 14, when f(t) = sin(Ωt),
the spectrum of the output fout(t) of Eq. (3) or (8) at
frequency Ω, that is, the system force transmissibility
TR(Ω) can be expressed as
TR(Ω) = Γ1(Ω) + Γ3(Ω) +
(N+1)/2∑
L=3
Γ2L−1(Ω), (27)
where
Γ(2L−1)(Ω) =
(2L− 1)!
22L−2(L− 1)!L!H
(2L−1)
fout
·
(
L︷ ︸︸ ︷
Ω, · · · , Ω,
L−1︷ ︸︸ ︷
−Ω, · · · ,−Ω),
L = 1, 2, · · · , [(N + 1)/2]. (28)
Substituting Eqs. (9), (10) and (20) into Eq. (28) yields
Γ1(Ω) = (k1 + jc1Ω)
n∑
i=1
−Φ¯JiΦ1i
Lyi(Ω)
, (29)
Γ3(Ω) = jr3
3Ω3
4
fout (Ω)H
(1)
v (Ω)
∣∣∣H(1)v (Ω)
∣∣∣2 , (30)
Γ(2L+1)(Ω) = j
(2L+ 1)!
22L(L+ 1)!L!
Ω2L+1fout (Ω) ·
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H(1)v (Ω)
∣∣∣H(1)v (Ω)
∣∣∣2L ·∑
(j3,j4,··· ,j(2P+1))∈J(2L+1)
rj33 r
j4
4 · · · r
j(2P+1)
(2P+1)Θ
(j3j4···j(2P+1))
(2L+1) ·
(
L+1︷ ︸︸ ︷
Ω, · · · , Ω,
L︷ ︸︸ ︷
−Ω, · · · ,−Ω),
(L = 2, 3, · · · , (N − 1)/2). (31)
Equations (27)∼(31) are the OFRF based representa-
tion for the force transmissibility of Eq. (3) or (8). It
can be seen that this representation is an explicit poly-
nomial function of the system’s nonlinear characteristic
parameters r(2p+1), (p = 1, 2, . . . , P ).
If r(2p+1) = 0, (p = 1, 2, · · · , P ) i.e., there is no non-
linear damping in the system,
TR(Ω) = |Fout(Ω)| =∣∣∣∣∣(k1 + jc1Ω)
n∑
i=1
−Φ¯JiΦ1i
Lyi(Ω)
∣∣∣∣∣ , (32)
which is the expression for the force transmissibility of
linear MDOF structures.
When an anti-symmetric nonlinear damping is in-
troduced, r(2p+1) = 0, (p = 1, 2, · · · , P ), the force trans-
missibility is diﬀerent from the result given by Eq. (32),
and the diﬀerence is a function of both the nonlin-
ear anti-symmetric damping characteristic parameters
r(2p+1), (p = 1, 2, · · · , P ) and frequency Ω. In the
next section, the eﬀects of parameters r(2p+1), (p =
1, 2, · · · , P ) on the value of TR(jΩ) will be analyzed
to reveal the signiﬁcant beneﬁts of a nonlinear anti-
symmetric damping characteristic on vibration isolation
of MDOF structures.
The eﬀects of nonlinear anti-symmetric damping on
force transmissibility of MDOF structures can be de-
scribed by the two propositions below.
Proposition 1: When the system shown in
Fig. 1 works over the non-resonant frequency
ranges, i.e., Ω << min(ω¯1, ω¯2, · · · , ω¯n) or Ω >>
max(ω¯1, ω¯2, · · · , ω¯n), the force transmissibility TR(Ω)
can be approximated as
TR(Ω) ≈ |Γ1(Ω)| . (33)
Proposition 2: when the system shown in Fig. 1
works over the resonant frequency ranges, i.e., Ω ≈ ω¯i
(i = 1, 2, . . . ,n), there must exist σ¯(2P¯+1) > 0 (P¯ =
1, 2, · · · , P ) such that if 0 < r(2P¯+1) < σ¯(2P¯+1), then
∂ [TR(Ω)]
2
∂r(2P¯+1)
< 0. (34)
The two propositions can be mathematically proved
with the OFRF expression of the transmissibility. For
the space limit, the details of the proofs are omitted
here.
Proposition 1 shows that a nonlinear anti-
symmetric damping characteristic has almost no ef-
fect on the transmissibility of MDOF structures over
the frequency ranges where the frequencies are much
lower than the structure’s smallest resonant frequency
or much higher than the structure’s biggest resonant
frequency.
Proposition 2 indicates that the system force trans-
missibility over the resonant frequency ranges can be
reduced by increasing the value of any parameter in the
system’s nonlinear anti-symmetric damping character-
istic.
The two propositions together indicate that the
MDOF vibration isolator with a nonlinear anti-
symmetric damping characteristic has great potential
to overcome the limitation with linear vibration isola-
tors. An eﬀective exploitation of this capability of non-
linear vibration isolators could provide a novel passive
solution to the dilemma associated with the design of
passive viscously damped linear vibration isolators.
In order to verify the signiﬁcant eﬀects of a non-
linear anti-symmetric damping characteristic on vibra-
tion isolation of MDOF structures, numerical simula-
tion studies were conducted by applying the Runge-
Kutta method to a 6-DOF structure where a nonlinear
damper with anti-symmetric damping characteristic is
ﬁtted between the 3rd and 4th masses, i.e., Q = 4. The
values of system parameters are taken as
m1 = m2 = . . . = m6 = 1, k1 = k3 = 7 200, k2 = 0.9k1,
k4 = 0.8k1, k5 = 1.1k1, k6 = 0.6k1, μ = 0.001.
For this 6-DOF structure, there are a total 6 normal
modes whose associated resonant frequencies can be
determined by using the modal analysis technique in
Ref. 16, and the results are given in Table 1. The fre-
quency Ω of the sinusoidal external force input over the
range of 2 < Ω < 40 (Hz) was considered to investigate
the eﬀect of an anti-symmetric nonlinear viscous damp-
ing characteristic on the force transmissibility over all
resonant regions.
Case study 1: r3 = 0; rp = 0, p = 3
In this case study, comparisons were made be-
tween the results obtained when the nonlinear damp-
ing characteristic parameter r3 was chosen as r3 = 0,
r3 = 3.7× 104 and r3 = 1.5× 105, respectively.
Figures 2, 3 show the results obtained in the cases
where the external force was applied on the 6th, 4th
and 3rd mass, i.e., J = 6, 4 and 3, respectively. These
results clearly indicate that the introduction of a nonlin-
ear anti-symmetric damping characteristic can not only
reduce TR(Ω) and suppress vibration over the resonant
frequencies but can also keep TR(Ω) almost unchanged
over the other frequency ranges.
Case study 2: r3 = 0; r5 = 0; rp = 0, p = 3, 5
Figure 4 show the results when the parameters r3
and r5 were taken as, r3 = r5 = 0, r3 = 5.4 × 104,
r5 = 1.9 × 108, and r3 = 5.4 × 104 and r5 = 1.9 × 108,
respectively. It can be seen that the introduction of
either term r3 or r5 can all eﬀectively reduce the trans-
missibility TR(Ω) over the resonant frequencies; the in-
troduction of both terms r3 and r5 can achieve a better
eﬀect than when the anti-symmetric damping charac-
teristic is only composed of term r3 or r5.
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Table 1. The resonant frequencies of the 6-DOF structural system.
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
Resonant frequency/Hz 3.14 9.00 13.76 18.51 23.00 25.20
Fig. 2. The force transmissibility of the simulated system
under diﬀerent values of parameter r3 when the external
force was applied to mass 6 (J = 6).
Fig. 3. The force transmissibility of the simulated system
under diﬀerent values of parameter r3 when the external
force was applied to mass 3 (J = 3).
Fig. 4. The force transmissibility of the simulated system
under diﬀerent values of parameters r3 and r5 when the
external force was applied to mass 4 (J = 4).
The simulation studies for the above three cases
clearly conﬁrm the theoretical analysis results.
In this study, the force transmissibility of MDOF
structures with an anti-symmetric nonlinear viscous
damping device is investigated by using Volterra se-
ries theory. The results reveal that the introduction
of an anti-symmetric nonlinear damping characteristic
can signiﬁcantly reduce the transmissibility over the res-
onant frequencies of the system while almost not af-
fects the transmissibility over other frequency regions.
These extend the conclusions the authors have reached
for SDOF structural systems in Ref. 15 to much more
general cases, and have signiﬁcant implication for the
design of viscously damped MDOF vibration isolators
for a wide range of practical applications.
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